Temperature recovery from degenerated infrared image based on the principle for temperature measurement using infrared sensor J. Appl. Phys. 115, 043522 (2014) In this work, we develop an instrument to study the ablation and oxidation process of materials such as C/SiC (carbon fiber reinforced silicon carbide composites) and ultra-high temperature ceramic in extremely high temperature environment. The instrument is integrated with high speed cameras with filtering lens, infrared thermometers and water vapor generator for image capture, temperature measurement, and humid atmosphere, respectively. The ablation process and thermal shock as well as the temperature on both sides of the specimen can be in situ monitored. The results show clearly the dynamic ablation and liquid oxide flowing. In addition, we develop an algorithm for the post-processing of the captured images to obtain the deformation of the specimens, in order to better understand the behavior of the specimen subjected to high temperature.
I. INTRODUCTION
Power supply setup, such as engine and gas turbine, is usually subjected to high temperature environment to achieve efficient energy conversion. However, the condition of such environment is extremely complex mixing multi-physical coupling and chemical reaction, 1 which challenges the reliability of materials and structures as it is very difficult to measure in situ the response of the materials. Due to the above reasons, an environmental simulation method is of great importance. For experimental simulation, there are mainly two types of methods. One is to simulate the whole environmental factors and directly obtain the results of the tests. Although this method is approaching closer and closer to the real working condition, the cost also rises steeply. Another way is to develop new simulation theories and experimental methods based on the physical and chemical interaction between the environment and the materials, and this method focuses on the simulation of controlled factors which may dominate the damage or fracture of the materials. However, due to the difficulties of determining such dominating factors, the simple models established at present all have certain limits. Thus, the comprehensive way of simulation is still under exploration and a balance between these two main types of simulation must be met. Moreover, the postprocessing as part of the simulation is also of great importance to better understand the evolution and fracture of the materials.
In addition, for the development of engine efficiency, it is a key issue to study the ablation, oxidation, and fracture of the materials used in engines such as refractory metals, C/SiC, and ultra-high temperature ceramics (UHTCs) due to their excellent mechanical properties at high temperature.
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Better understanding of the failure mechanisms of these materials means more potentiality to improve the performance of them and for wider application as well. As mentioned above, high temperature induces chemical reaction (e.g., oxidation) and chemo-mechanical coupling effects. 1, 10 Usually, materials oxidize first at high temperature and the oxide film grows on the surface of materials. Thus, film stress can control the oxidation and reliability of materials. [11] [12] [13] [14] [15] [16] Therefore, real-time observation and measurement of the oxidation, ablation, or fracture evolution will contribute a lot to the improvements in such areas. Due to the transient properties of such processes, high-speed recording technique is required. For example, Shukla et al. 17, 18 used high-speed camera to record the dynamic transient response of sandwich composites exposed to highly transient shock loadings which revealed new important features of the transient deformation and fracture process. Close range high speed photogrammetry was also used for the measurement of the soil nail walls for displacement due to its simplicity, low cost, high efficiency and high speed. 19 Wang et al. 20 carried out experiment on the conventional Taylor bar set-up and obtained the dynamic stress-strain curves by means of a high speed camera and the dynamic Digital Image Correlation (DIC) technique.
However, the application of high-speed camera to observe the ablation or oxidation process is yet to be improved. In this work, we present an integrated instrument to provide a comprehensive method to study the materials such as C/SiC composites and UHTCs at high temperature in simulated environment, such as in combustion chamber of engine. The apparatus is integrated with high speed camera for image capturing, infrared thermometer for temperature measuring, and water vapor generator for providing a humid atmosphere to simulate the combustion when necessary. This equipment can be used to capture the oxidation and ablation process for realtime recording and measurement.
II. EXPERIMENTAL SETUP AND MEASUREMENT PRINCIPLE

A. Experimental set up
The whole setup includes a basic ablation testing stage and can also be extended for wider application. Fang et al. 9 integrated this setup into a steel chamber by supplying a water vapor generating device and humidity sensor to simulate the combustion chamber environment. The basic setup consists of an oxyacetylene heating system, a temperature measuring system, an image collecting and processing system, and a specimen holding stage. The image acquisition and processing system consists of two high speed cameras with filtering lens to capture the evolution process on both sides of the specimen. The high speed cameras were controlled by a single computer with a trigger, so that the images from both cameras can be synchronized. It is also necessary to have light compensation for the image capturing due to the filtering lens fixed onto the camera lens. The temperature measuring system consists of two infrared radiation thermometers, both controlled by a second computer with a trigger in order to record both surfaces of the specimen for synchronization. The specimen holding stage has three parts, a slide rail, a support bar, and a clamp. The clamp is on top of the support bar, which is further attached on the slide rail and can be moved towards or away from the oxyacetylene torch nozzle to adjust the ablation distance for the specimen.
Furthermore, for the integration of the water vapor generating system, a water vapor monitor, a water vapor generator, and a humidity sensor was used. The humidity monitor records the real time vapor percentage and gives feedback to the water vapor monitor to control the generation rate of the water vapor in order to maintain a stable water vapor supplement. The whole set up shown in Fig. 1 is developed based on our previous setup for ablation test. image processing section consists mainly of two steps. The first step is to capture high resolution images at high temperature with strong radiation. Here, we applied band-pass filtering with the specified filter lens to avoid the radiation. The second step is to process the images obtained in the experiment and process the images themselves. We discuss these two steps in detail in the following.
B. The principle of band-filtering method at high temperature
Materials emit strong radiation on the surface at high temperature during the ablation test. This disturbs the detection of the surface evolution. In order to avoid the ambient temperature effects and changes in effective wavelength, we utilized a variety of band-pass filters to observe the surface of the material at high temperature. 21 The method is based on Wien's law, as is shown in Fig. 2 . It should be noted that there is a great difference of temperature between the flame and the surface of the material. The hotter an object is the shorter the wavelength at which it emits most of its radiation. Thus, the longer band-pass method is frequently used to avoid detecting the radiation from the flame and to restrict the emitted radiation to being mainly from the surface of the material. Figure 3 shows an example by using band-pass filtering method and light compensation method. Figure 3(a) shows the original image captured for the surface of the specimen, Fig. 3(b) shows an image captured with strong radiation, which makes the surface information of the specimen hard to distinguish. In Fig. 3(c) , the filtering system is added, which strongly reduced the light intensity, and results in a dark image. In Fig. 3(d) , it shows that on the basis of the system shown in Fig. 3(c) , by using proper light compensation, we obtained clear image of the surface at high temperature with strong radiation.
As shown above, this method can effectively reduce the high temperature radiation disturbance and capture clear and stable images in the environment with radiation, smog, air flow convection and so on.
C. The basic principle of image processing
The marks or speckles on specimen surface are usually used to measure the deformation. However, in high temperature environment with ablation test, the marks or speckles change greatly due to oxidation and thermal stress. Thus, the methods with respect to marks or speckles (e.g., digital image correlation method) become invalid. Here, we introduce the method of Maximally Stable Extremal Regions (MSER) for features detection in images. The features of specimen with oxidation can be still obtained even when the marks or speckles changed, and so these features can be used to compute the specimen displacement and deformation. This MSER technique was proposed by Matas et al. 22 to find the maximum stable (i.e., unchanged) region correspondences between image elements from two images with different viewpoints. MSER in most cases has the highest scores in detecting the changes between two continuous images. We utilized its properties to measure the deformation at high temperature for oxidation ablation between two continuous images and further give the strain fields of the specimen. The basic algorithm principle is shown in Fig. 4 .
After we detect the local invariant features by using MSER method, it is necessary to quantitatively describe the detected features, i.e., to find proper feature describing method (feature descriptor) for MSER features. Mikolajczyk et al. 23 studied most of the feature descriptors and found that scale-invariant feature transform (SIFT) descriptor has the best property under most circumstances. SIFT is a computer vision algorithm to detect and describe local features in images. 24 In our work, we combine the MSER feature regions and SIFT descriptor together and propose a more robust method for high temperature image correlation.
Here is an example to illustrate the computing process of the deformation by using MSER method and SIFT descriptor. The region to be calculated (as the blue area showed in Fig. 5 ) in the reference image is divided into a virtual mesh form when using the MSER method to compute the displacement and deformation. The full field displacement is obtained by estimating the displacements of each mesh node. The distance (calculating step) between two mesh nodes is selected from 2 to 10 pixels.
In the calculation for displacements and deformations, the area centered at a point (x 0 , y 0 ) to be computed with a size of (2M + 1) × (2M + 1) pixels in the reference image is selected as the sub-region (as showed in Fig. 5 ). The MSER feature region detection is applied in the subset and then several MSERs are obtained. Then by using SIFT descriptor to describe the points in the stable regions (here it should be noted that since the region is already detected to be stable, it is assumed that the points detected and described by SIFT descriptor is also stable), then we can conduct the deformation calculation by comparing these correlated points in the reference and current images, illustrated in Fig. 6 .
For the point N in Fig. 6 , we have
Then the displacement and deformation could be obtained by Eq. (1 
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Experiment of UHTC
Here, we first present an example of experiment conducted on UHTC specimen subjected to oxyacetylene ablation. The size of the specimen is 30 mm × 30 mm × 3 mm. As is known, the UHTC materials are sensitive to thermal shock. 25, 26 In order to avoid the specimen cracking (since in this work we focus on the oxidation evolution of the materials rather than thermal shock), we adjusted the flux of the mixed gas to control the thermal heat density on the one hand, and by controlling the distance between the nozzle of the heating device and the surface of the specimen to make the specimen be heated in a steady state, then by gradually shortening the distance by making the nozzle tip approaching the surface of the specimen closer and by raising the flux of the mixed gas to increase the temperature to which the specimen was subject. The surface temperature was measured by using infrared thermometer (Raytek, USA), and the surface evolution was recorded by using high speed camera (Redlake-X3) from the front (while the back surface was being heated). A band-pass filter lens was placed on the camera to filter the strong radiation. The results are shown in Fig. 7 . The result could be bet- FIG. 6 . Correlated points in the reference and current images (before and after deformation, respectively).
ter and clearer if higher speed camera were used. The surface evolution was recorded and the phase transition (SiO 2 oxide transforms from solid state to liquid state) was also clearly observed while the surface temperature was 1800
• C measured by the infrared thermometer. As we can see in Fig. 7(a) , the shining and white area in the middle of the specimen represents the surface reaction process, and Fig. 7(b) shows more clearly a dark circle around the middle shining part, which indicates the heat conducting process as well as Fig. 7(c) . In fact, the dark circle shown in Figs. 7(b) and 7(c) propagates wavelike with a changing of its brightness.
In order to illustrate the computation of strain, we conduct the MSER method to obtain the in-plane strain. We use the surface texture of UHTC as speckles and obtain the local features by MSER method. Then we can compute the displacement and deformation by correlating the local features as described above. Figure 8 shows the in-plane strain field of blue rectangle in Fig. 7(b) . It is found the center of the specimen (i.e., the heating spot) is subjected to maximal deformation due to the thermal stress as is expected.
B. Experiment of C/SiC
Here, we present another example of experiment conducted on C/SiC specimen. The specimen was ablated in the simulative combustion chamber by using oxyacetylene heating system, the surface evolution of the C/SiC specimen was recorded by using high speed camera (Redlake-X3) with a frame speed of 500 frames per second. The infrared thermometer showed the temperature on the front surface of the specimen varied from 1750
• C to 1800
• C. The surface morphology of specimens is shown in Fig. 9(a) . The white beads are the liquid SiO 2 generated due to the thermal ablation. The newly generated liquid SiO 2 are in the center on the surface of the specimen, and was driven to the outside area by the flushing force of the flowing gas (with a speed of approximately 100 m/s). The liquid SiO 2 are very tiny at the beginning of its generation with an average diameter of 200 μm, while it grows bigger and bigger as it was flushed to the outside of the ablation pit. As shown in Fig. 9(a) , the mean diameter of the liquid SiO 2 beads around the outside circle of the ablation pit are approximately 1 mm.
Furthermore, we use the features detection method proposed above to compute the velocity field of the flowing liquid SiO 2 . The red spots marked in Fig. 9(b) show correspondingly the marked positions of the generated fluid SiO 2 (white beads shown in Fig. 9(a) ) to trace the flow routine of them by using image processing technique, which is based on the local invariant characterization of the image. Then based on the method introduced above, the corresponding velocity field can be calculated and is given in Fig. 9(c) to show the surface evolution of the generated liquid SiO 2 beads.
Thus, we not only can clearly observe the evolution of the reactive product, the generated liquid SiO 2 , but also we can obtain the flowing speed of them. If a more advanced recording equipment and more accurate feature detection technique was available, the fusing process of the liquid SiO 2 could even be obtained from the presented images.
IV. CONCLUSION
Equipment for thermal ablation test was developed and integrated with high speed camera system, thermometers, and water vapor generator. With this equipment, it realizes the simulation of materials such as UHTCs and C/SiC used in combustion chamber with water vapor, oxygen pressure, controlling and integrating the high speed photography and temperature measurement at the same time. The ablation process and evolution can be recorded in situ. By slowing down the video of the high speed photography, the oxide formation, flow, and evolution process can be clearly seen and further analyzed. In the post-processing section, we developed a new image processing technique to calculate the deformation and analyze the oxidation of the specimens and to further understand the behavior of the specimen subjected to high temperature. 
